We discuss the infiuence of point-ion electrostatics on the long-(LRO) and short-range order (SRO) in binary fcc-, bcc-, and simple-cubic-(sc) based alloys. The electrostatic problem is studied by a combination of (a) a model for the distribution of point charges on lattice sites, motivated by recent first-principles calculations, (b) a mapping of the infinite-ranged Coulomb interaction onto a rapidly convergent series of effective interactions, and (c) Monte Carlo simulated annealing of the ensuing Ising-like expansion. This provides a means to identify the lowest energy structures ("ground states") at zero temperature and the dominant wave vectors of the SRO at high temperatures, which are stabilized by ionic interactions. (i) We confirm previous results that the three ground states of the fcc Madelung lattice are the D022 (AsB and ABs) and "40" (AB) structures, which can all be described as (210) superlattices. We further find that the ground states of the bcc and sc Madelung lattices are CsCl and NaCl, respectively. (ii) Despite the fact that the structure "40" has the lowest electrostatic energy of any fcc-type compound, this structure is very rare in nature. We find that this rarity could imply that a highly ionic fcc AB compound will transform to the bcc structure CsCl that is electrostatically more stable for the same charge distribution. The exception is when the energy required to promote the e)cmental solids A+ B from fcc to bcc is larger than the gain in electrostatic energy. (iii) Monte Carlo and mean-field calculations both demonstrate that the dominant wave vectors of LRO and SRO coincide for the bcc and sc Madelung lattices. However, for compositions x & 0.33 and x & 0.67 on the fcc lattice, mean-field calculations incorrectly predict SRO peaks at the (1 -0) points, whereas Monte Carlo calculations show SRO peaks at the (100) points. Thus, in describing fcc electrostatics, the mean-field theory of SRO is seen to qualitatively fail. (iv) Electrostatic point-ion interactions lead to significant SRO correlations. Near the transition temperature, these correlations account for a & 60% change in the energy of the random alloy.
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I. INTRODUCTION: THE MADELUNG LATTICE PROBLEM
When different atoms are brought together to form an alloy or compound, the redistribution of charge densities as compared to their atomic densities may lead to what is commonly referred to as "charge transfer. " The electrostatic contributions to the total energy of an alloy or compound due to charge transfer have been widely used to discuss the structural stability of not only alkali halides, but also coordination compounds ' and semiconductor and intermetallic alloys.
Whereas in Ob initio total energy calculations ' the electrostatic contribution is calculated from the continuous electronic charge density p(r), in simpler approaches one discretizes the (electronic plus nuclear) charge density into a set of point charges.
The ensuing electrostatic Madelung (M) energy EM has been widely used as one of the energy terms deciding structural stability of compounds and alloys. ' We discuss in this paper the manner in which the point-ion electrostatics decides the long-and short-range order in binary fcc-, bcc-, and simple-cubic-(sc) based alloys. While the electrostatic contribution is clearly not the only term entering the total energy, it is interesting to see that it leads to clear structural preferences for both short-and long-range order.
In the point-ion Madelung model of a given lattice (e.g. , fcc, bcc, and sc), each of the N -+ oo sites i = 1, 2, ... , K is assigned a net charge Q; and is occupied by either an A atom (denoted by a spin variable S; = -1) or a B atom (denoted by S; = +1). The Madelung energy E~(a) of each of the possible 2 alloy configurations 0. can be written as an infinite-range Ising-type Hamiltonian ) ' SS~J, , (o) , where the primed sum is over all pairs of lattice sites i and j, excluding the i = j terms, and~d , -d~~r epresents the distance between lattice sites i and j. The bare, pairwise Coulomb interaction energy J;j can be written as While nonelectrostatic bonding effects can certainly stabilize a given crystal structure, it is interesting to determine which structures 0 have the lowest electrostatic energy for a given type of lattice (e.g. , fcc, bcc, and sc). Al- ' However, in the formulation of Eqs.
(1) and (2), the bare interactions J, i are infinite in range and are dependent upon the configuration through the configuration dependence of the charges Q;. Both these facts make the Ising series written in terms of the bare interactions cumbersome, as much of the literature to date on Ising models concerns interactions which are relatively short ranged and configuration independent. However, Given that Eq. (3) was demonstrated2 ' to be an excellent approximation to direct local-density approximation (LDA) calculations, one must conclude that either charge transfer is never the dominant effect at equiatomic composition or when it is dominant, geometrical factors such as lattice topology serve to make other non-fcc structures more stable. We find that the CsC1 structure has the highest Madelung constant (and consequently, the lowest energy) of any fcc-, bcc-, or sc-based structure. Hence, even in alloy systems where charge transfer is a dominant-effect, an fcc alloy would prefer to transform to the bcc CsCl structure, which, for the same ionic charges, produces the maximal electrostatic stabilization. An exception would occur for an ionic alloy system with fcc constituents for which the energy required to promote the elemental solids &om fcc to bcc more than outweighs the gain in electrostatic energy upon going &om the fcc-based "40" to the bcc-based CsCl structure. The promotion energies also provide an explanation for the absence of the NaCl structure in transition metal alloys. The NaC1 structure has the lowest electrostatic energy of any sc-based compound (and is very close in Madelung energy to the CsC1 structure). However, the NaCl structure is never observed in transition metal alloys because the energy required to promote the elemental metals (usually in the fcc, bcc, or hcp structures) to the sc structure is quite large and overcomes the large negative electrostatic energy of NaC1.
(ii) Given that the long-range order (LRO) of the fcc Madelung lattice is of (120) Table II ). (iii) Although the ordered bcc (CsCl) and sc (NaCl) structures are electrostatically more stable than those of fcc, the random fcc solid solutions are much lower in energy than the bcc or sc solid solutions (Fig. 3) . Indeed, it is observed in the ionic Cu-Pd system that, although the LRO at equiatomic composition is the bccbased CsC1 structure, the alloy disorders into an fcc solid solution. The relative energies of random alloys on different lattices are described in Eq. (9) by the subtle geometrical interplay between the effects of coordination numbers (Z ) and the f'rustration of the lattice for all shells (It ) as shown in Table I : The contributions of the first-neighbor shell to the random alloy Madelung constants already gives the fcc random alloy a Madelung constant larger than bcc or sc. However, to obtain the correct order of electrostatic stability between the bcc and sc random alloys, one must at least include up to the third-neighbor shell. Inclusion of the first-through fifth-neighbor shells gives the quantitatively exact result, as all terms in Eq. (9) are precisely zero for m ) 6 in all three lattice types.
(iv) In Fig. 3 (( 0 [Fig. 4(e) ]. If both fcc elements have a small promotion energy [ Fig. 4(f) ], the CsCl structure will still be lower in energy due to electrostatic efI'ects. Of the six possible scenarios depicted in Fig. 4 Fig. 6 as contour plots in the (hkQ) plane. Black shading inside the highest contour locates the peaks in the SRO patterns. The Monte Carlo calculations show the transitions on the fcc lattice to be first order (marked by a strong discontinuity in the internal energy as a function of temperature) and the transition temperatures are given in Table III. As in the bcc and sc cases, temperatures for the Monte Carlo calculation of the SRO were chosen just above the order-disorder transition (typically, TsRci = 1.Q2T, ), and the mean-field calculations were performed at a temperature such that the peak intensity of the mean-field SRO matched that of the Monte Carlo calculation. These ternperatures are given in the caption of Fig. 6 . The meanfield calculations both with and without Onsager corrections in Fig. 6 show that at all compositions x, the SRO peaks at the (1 z0) points, consistent with the nature of the I RO states, but in conHict with the Monte Carlo calculations (see also (1 -, 'o)
( Fig. 7 . In this figure REM'"(x, T) = b, E~~l(x) + hEM (x, T). (23) It is interesting to determine the size of each of the contributions GEM and bE~. Figure 9 
